Abstract. Based on the previously reported one-dimensional chan-
Introduction
Since the pioneering work of Pedersen, crown ethers and their complexes with metal cations have attracted considerable attention [1] . The remarkable selectivity of crown ethers on metal cations, especially alkali and alkaline earth metals cations, is a topic of fundamental interest in coordination chemistry and biochemistry. These macrocyclic ligands are fascinating both because they are able to impose unusual coordination numbers and geometries on metal ions, and because they serve as models for metal ion transport across membranes [2] . They have also been used as very selective separation agents on mixtures of metal ions, and especially the ones with six O atoms such as 18-crown-6, dibenzo-18-crown-6 (DB18C6) and dicyclohexano-18-crown-6 are known to form stable complexes with alkali metal salts [3] , being some rare examples where neutral organic ligands are able to complex charged metal ions in a very efficient way.
As we are interested in the formation of new materials with functional properties, especially the lower dimensional polymers [4Ϫ7] in order to generate anisotropy, the question arose whether it was possible to stabilize one-dimensional polymers by coordination with crown ether. The potential capacity of dibenzo-crowns to form π interactions upon stacking appeared to us as an interesting property in this context. Indeed, we succeeded in the crystallization of a compound in which the dibenzo-18-crown-6 ligands are stacked to yield a channel in which water molecules and H 3 O ϩ are present [8, 9] . We here wish to report on further findings with this ligand, its derivatization and complexation on Na ϩ , H 3 
Results
As reported earlier, we are able to chemically "cut out" lowdimensional fragments from a binary three-dimensional network [5, 10] . In these and other reported structures, we have also shown that iodide can act as very versatile bridging anion [11Ϫ17] . In order to "cut out" one-dimensional NaI, a sterically directing ligand, as for instance DB18C6, is required. To test such a reaction, and due to solubility reasons, NaI is therefore generated in situ by a reaction of NaO t Bu with elemental iodine and DB18C6 in a mixture of THF/H 2 O/acetone to yield the complex ionic compound [Naʚ(DB18C6)I(THF)][Naʚ(DB18C6)(H 2 O) 2 ]I(THF) 2 -(CHI 3 ) (1) in 80 % yield. 1 crystallizes in the monoclinic ϩ , consists of a sodium cation to which a DB18C6-ligand in equatorial, and two water molecules in axial positions of a hexagonal bipyramidal coordination sphere are coordinated. The neutral complex in 1 is a [Naʚ(DB18C6)I-(THF)] unit (Figures 1 and 2) .
The counter ion to the cationic complex is a free iodide ion, I2 which is not directly coordinated to the cation. Furthermore, there are free solvent molecules, two THF and one CHI 3 molecules, filling voids in the structure, but not coordinated to the cationic or neutral complexes of 1. The NaϪO(DB18C6) distances are between 2.74(1) and 2.778(9) Å long. This corresponds well to average values observed in the literature [18Ϫ20], but is, as expected, longer than in similar complexes with the smaller crown ether 15C5 [21, 22] . On average, the Na2ϪO(DB18C6) distances in the complex cation of 1 are by 0.03 Å shorter than in the neutral moiety of 1. The sodium cation Na2 is 0.051 (8) Å out of the mean plane formed by the six surrounding oxygen atoms of the crown ether, slightly exo of the folding of the latter. The phenyl rings of the DB18C6 in the cationic unit form an angle of 133.6(3)°towards O10. The two neutral water ligands, O9 and O10, act as axial ligands to the sodium cation, with Na2ϪO(H 2 O) distances of 2.48(2) (Na2ϪO10) and 2.14(5) Å (Na2ϪO9). The difference in these distances is due to the fact that one water molecule, O9, is a terminal ligand, whereas the other, O10, is linked to the iodide of the neutral unit of 1 via H-bonding. In fact, the hydrogen bond to I1 is of a distance of O10ϪI1 3.51(3) Å , the Na2ϪO10ϪI1 angle being 130(2)°. The Hbonded system between the neutral unit and the cationic complex of 1 is shown in Figure 2 . I1 is directly coordinating to Na1 with 3.523(4) Å . This is by ca. 0.5 Å longer than in the non-linked, isolated neutral complex [Naʚ(DB18C6)I(THF)] [18] , showing the dramatic elongation effect on the NaϪI bond by hydrogen bonding. The coordination sphere of Na1 is completed by one DB18C6 ligand and a terminally bonded THF ligand (Na1ϪO11 3.00(4) Å ) opposite I1 to yield an overall neutral complex. The folding of the DB18C6 ligand in the neutral complex of 1, in the direction of the THF ligand, results in an angle of 125.7(3)°between the mean planes through the phenyl rings. Even though the folding is directed in the same way as in the neutral literature compound [18] , the folding is not as important (ca. 90°in [Naʚ(DB18C6)I(THF)]).
The arrangement of the crown ether complexes extends in two dimensions, with the sodium ions Na1 and Na2, and I1 on the crystallographic sites (x, 1 / 4 , z (e)) which correspond to a mirror plane. In addition to the free anion I2, which is placed on a crystallographic inversion centre (0, 1 / 2 , 1 / 2 (c)), two disordered THF molecules and a CHI 3 -molecule co-crystallize in the solid state parallel to the bcplane (Figure 3) . I3 of the iodoform is also placed on a crystallographic mirror plane (x, 1 / 4 , z (e)). I4 of the iodoform points toward the free anion I2 at a distance of 3.787(2) Å , leading to a linear arrangement of I4, I2 and I4 of a second iodoform molecule within the sheet. The bcplane is thus divided into strands containing iodide ions and iodine atoms of iodoform, and chains containing the THF molecules. The sheets containing solvent molecules and counter ions alternate with the planes containing the crown ether complexes (Figure 1) .
The presence of iodoform, which was not added as a solvent, can be explained when looking at the reaction conditions. In a first step, NaO t Bu is hydrolysed in the THF/ H 2 O mixture to yield NaOH and HO t Bu. The latter can be oxidized under weakly basic conditions to acetone by iodine, which itself is reduced to iodide. In addition to this fact, acetone has also been deliberately added to the solvent Figure 3 Layer of solvent and counter ions contained in 1 showing the arrangement of HCI 3 and I 2 , H-atoms omitted mixture, and it reacts typically with excess iodine under basic conditions to yield CHI 3 and byproducts (iodoform reaction) [23] .
In compound 1, a fragment of a chain structure is achieved by hydrogen bonding, which does not completely propagate in one dimension, but is stopped by terminal THF ligands to sodium. If THF was not present in compound 1, a structure similar to the known ϩ with analogues in the literature shows that the distances fit in general with previous results [18, 24, 25] . The distance Na1-I1 with 3.523(4) Å of 1, is longer than in the structure [Naʚ(DB18C6)I(THF)] [18] , where Na-I is 3.094(3) Å . The average Na-O(crown ether) distances in 1 are with 2.738(7) and 2.766(7) Å longer than in [Naʚ(DB18C6)(H 2 O) 2 ] ϩ in which a dimer of a cationic complex is observed with average Na-O(crown ether) distances of 2.705 and 2.727 Å [24] . In the latter compound, the Na-O distance to the terminal water molecule is with 2.313(9) Å by 0.7 Å shorter than the Na-O(THF) distance in 1, but by ca. 0.2 Å longer than for the similar Na-O(H 2 O) bond of 1.
In our previously published channel system, (2) [8] , the synthesis of 2 was modified so that 2 can be obtained from an aqueous solution of DB18C6, iodine and HI. As DB18C6 molecules rarely stack in the solid state as seen in the few examples where it does [8, 9, 26, 27] compared to the huge number of described structures where it doesn't, we suggested that I 3 Ϫ as linear anion could be structure directing and helpful in the arrangement of onedimensional arrays, as seen in 2. We therefore attempted to use other linear anions, such as SCN Ϫ or Br 3 Ϫ , with the aim of making similar channel systems. Whereas reactions using thiocyanate as counter anion so far only yielded 
[29], the reactions using bromine and tribromide yielded some new insights into crown ether chemistry.
In a first reaction, a tribromide was used, and a large cation, phenyl trimethyl ammonium, was chosen in order to avoid a possible cation complexation by the crown ether ligand. Straightforward, the compound [(Me 3 NPh)(DB18C6)]Br 3 (3) , is obtained in 90 % yield, crystallizing in the monoclinic space group P2 1 /m (Nr.11) with two molecules per unit cell. Indeed, the cation of 3, [Me 3 NPh] ϩ is not strongly coordinated by the crown ether, and the DB18C6 molecules are stacked to form channels in the direction of the b-axis (Figure 4 ). The stacking is however not a close one as in 2, as the large [Me 3 NPh] ϩ cations are intercalated between the DB18C6 ligands with the phenyl group pointing in the direction of the middle of one DB18C6 molecule, and the methyl groups pointing opposite into the cavity formed by the next DB18C6 ring ( Figure 5) . A crystallographic mirror plane runs through the carbon atoms of the phenyl ring of the cation, its nitrogen atom and a methyl group, all placed on (x, 1 / 4 , z, (e)). Hydrogen bonds are observed between cation and crown ether, the shortest one being formed from hydrogen on a methyl group, H18A, to O1 of the crown ether with 2.534(1) Å . Another short contact is found between H12 of the phenyl ring of [Me 3 NPh] ϩ and O1 of the next macrocycle with 2.572(1) Å . The crown ether molecules are in a folded "butterfly" configuration with angles between the two phenyl rings of 106.8(2)°. This is ca. 10°wider than the angles observed in 2 [8] , but by ca. 20°smaller than in 1. The direction of folding of the crown ethers alters from one channel to the next, adopting the opposite direction. The distance between two DB18C6 molecules within one channel corresponds to 9.520 Å (the length of the a-axis). The tribromide anions are linear due to an inversion centre on which Br1 is placed (0, 0, 0 (a)), and possess Br1ϪBr2 and Br1ϪBr2Ј distances of 2.5454(6) Å . They do not run parallel to the http://doc.rero.ch ϩ , is formed by two Br 4 -DB18C6 ligands that confine a tennisball-like cavity with a corresponding seam (Figures 6 and 7) . In the center of this cavity, two oxygen atoms, O7 and its symmetry equivalent O7Ј are found. O7 is located 1.36(1) Å over the mean plane formed by the six oxygen atoms of the crown ether, and the O7ϪO(crown) distances are rather long and range from 2.84(1) Å (with O5) to 3.26(1) Å (with O1). The shorter ones probably correspond to hydrogen bonding interactions. Hydrogen atoms could not all be located on O7, only two could be attributed, pointing in the direction of O5/O4 and O2/O3, indicating bifurcating H-bonding. But the O7ϪO7Ј distance of 2.42(2) Å indicates that the present species is a H 5 O 2 ϩ -cation stabilized in this cavity with the third proton being split over two positions somewhere along the bisector between O7 and O7Ј. Crystallographically, this means that a water molecule and a hydronium cation are delocalized over both positions, respectively that the third hydrogen atom could be delocalized over both oxygen atoms. In the IR spectrum of 4, typical broad bands for H 5 (7)°t o each other, which is on average wider than in the nonbrominated DB18C6, however, the latter can also adopt flatter angles in some cases, as seen for instance in 1. Interestingly, one of the phenyl rings is only deviated by 15.6(3)°f rom the mean plane formed by the six oxygen atoms of the crown ether whereas the other is 48.8(2)°out of plane. This is probably due to the fact that two macrocylces embrace each other in such a way that one of the phenyl rings is flattened towards the mean plane of the ring oxygen atoms whereas the other is more deviated.
In the packing of 4, the "tennis balls" arrange along the c-axis, and bromine atoms of the ligand as well as from the [FeBr 4 ] Ϫ point into channels along the same direction ( Figure 8 ). Hydrogen bonds between the four bromine atoms of [FeBr 4 ]
Ϫ and H-atoms of crown ether phenyl rings are observed around 3 Å and imply Br5ϪH5 and Br6ϪH2. One bromine atom of each phenyl ring, Br1 and Br4, is also involved in hydrogen bonding to H9A and H20A, respectively (3.02 and 3.25 Å ) of neighbor crown ether molecules. Shorter contacts of bromine with hydrogen atoms are present in the structure, but cannot be counted as efficient Hbonding due to small CϪBrϪH angles < 90°.
The NMR signals of 4 are complicated to interpret due to the similitude of H 3 with H10b and H20b with H20b (CH2) from one crown ether with their homologues on the partner crown ether in the bowl. This indicates that the tennis-ball shaped capsule exists partially also in solution.
The same reaction carried out as for 4 with bromine in excess, but without iron present, yields the compound [(H 3 O)ʚ(Br 4 -DB18C6)]Br 3 Br 2 (5), crystallizing in the triclinic space group P-1 with two molecules per unit cell. Again the DB18C6 has been brominated to yield the Br 4 -DB18C6 (Fig. 9) . The ionic compound 5 consists of a complex cation in which H 3 O ϩ (O7) is coordinated by the six oxygen atoms of a Br 4 -DB18C6. The O7 atom is by 0.32(1) Å out of the mean plane formed by the six oxygen atoms of the macrocycle on the exo position to the cavity, indicating pyramidal H 3 O ϩ as discussed previously [8, 25, 35] , with O7ϪO(crown) distances between 2.54(1) Å to O5 and 2.80(1) Å to O2. This large difference in distances shows the asymmetric coordination of H 3 O ϩ by the crown ether. Hydrogen atoms of the cation could be located in the Fourier map. They are arranged in a pyramidal fashion around O7, two hydrogen atoms pointing towards O5 and (9)°). The distances between O (crown ether) and O7 varying from 2.557(2) to 2.81(1) Å are on average similar to the values in structures with 18crown6 [36, 37] varying from 2.55(5) to 2.84(5) Å or with DB18C6 [38] , varying from 2.570(7) to 2.797(8) Å . The disorder observed in the structure by Reich et al. seems to be absent in 5 [38] . The third hydrogen atom of H 3 O ϩ does not point to an oxygen atom of the crown ether, but to Br3 of an adjacent crown ether molecule, with a distance of 3.103 Å . Indeed, it seems that Br3 points more in the direction of the crown below than the other three close bromine atoms attached to adjacent crown ether molecules. The two phenyl rings form an angle of 120.9(2) to each other, by ca. 7°smaller than in 4, and exclude the hydronium cation. This time, and in contrast to 4, both phenyl rings are almost equally out of the mean plane formed by the six oxygen atoms of the crown ether, i. e. by ca 30°.
http://doc.rero.ch The so formed cations stack on top of each other, all folded in the same direction within one stack, and by 8.138 Å apart from each other. The neighbor stack of cations runs in the opposite direction and intercalates with the dibromo-phenyl groups between the dibromo phenyl groups of crown ether molecules of the first stack ( Figure 10 ). The aromatic rings are offset to each other by ca. 4.7 Å and are closest to each other at ca. 3.7 Å , indicating only very weak π-interactions. The arrangement is such that sheets of cations are formed in the (x, 1/4, z)-plane. The two-dimensional cationic arrays are separated by the anions, consisting of Br 3 Ϫ , and by bromine, Br 2 . Bromine and tri- (1) bromide are arranged in a plane (Figure 12 ). The BrϪBr distance in Br 2 is 2.331(3) Å long, whereas in the tribromide, the distances are 2.401(3) and 2.627(2) Å for Br7ϪBr8, respectively Br6ϪBr7. The Br6ϪBr7ϪBr8 angle is almost linear at 177.6(5)°. Weak interactions between the tribromide and bromine can be considered at a distance Br6ϪBr5 of 3.187(2) Å . A crystallographic inversion centre is found in the middle of the bromine molecule. The short BrϪBr distances of 5 are by 0.02 Å longer than the shortest one in solid bromine [39] . The longer interbromine contacts are in the range of normal Br-Br found for polybromide ions [40, 41] . The signal at 3.74 ppm found in the NMR spectrum of 4 is also present in the one of 5. This value is more or less in accordance with the signal of 4.33 ppm given by You and al. [42] for H 3 O ϩ . The difference could result from a change in the environment. Indeed in 4 and 5, hydronium ions are isolated from the environment by coordination with crown ether.
Discussion
The compounds 1-5 present the different types of organisation of crown ether molecules. 1 is a combination of two defined complexes found in the literature: [Naʚ(DB18C6)I(THF)] and [Naʚ(DB18C6)(H 2 O) 2 ] ϩ . In fact, it is interesting to notice the difference between a bridging and a non-bridging iodide ion upon the coordination of the crown ether ligand toward Na ϩ . In 1, coordination is assumed principally by O5 of the crown ether ligand whereas some weaker interactions exist with other oxygen atoms of the crown ether. Table 1 and scheme 1 compare the coordination of Na ϩ by DB18C6 in our and other literature compounds. In most cases, the NaϪO distances are distributed asymmetrically around the crown ether ligand, with the shortest and the longest bonds being separated by one medium long NaϪO contact.
The crown ether molecules in 1 seem to be arranged by serendipity. The introduction of a cation as bridging agent favors the apparition of well-organized chains of crown ether ligands like in 3. These chains are maintained by hydrogen bonds. Finally, if the cation is small and capable of H-bonding, infinite π-stacking of the crown ether molecules like in 2 can be observed. In this last eventuality, small cations have to be linked by a small molecule in order to allow close packing of the macrocyclic ligands (H 2 O in 2, acetonitrile in reference [42] ). In the absence of an efficient linker, . The main difference lies in the presence of bromine molecules, which limits the symmetry operations in the crystal, whereas tribromide and triiodide are pointing in the same direction along the intertwined crown ether stacks. In table 2, the environment of H 3 O ϩ for 5 and the literature compound is summed up. In comparison with the structure described by Kloo, the distances are the same for the longer coordination bonds of H 3 O ϩ . For the shorter distance, there is a difference of 0.13 Å which can be attributed to a better stabilization of H 3 O ϩ in 5. Finally, crown ethers are able to create capsules around dihydronium like in 5 or around purinium [43] . For small guests, crown ethers are able to build a cage similar to the 
Conclusions
We have shown that attempts to generate new channel systems based on DB18C6 and its derivates are not successful when the "cutting out" principle is used for instance on NaI. Although we did not succeed in forming an infinite one-dimensional network, H-bonding yields a fragment of a one-dimensional zig-zag chain in 1. Exchanging the linear anion I 3 Ϫ in a known channel system 2 by other linear anions like SCN Ϫ leads to the formation of known compounds. Substitution of I 3 Ϫ by Br 3 Ϫ seems in principle possible, but a large cation is now inserted between the parallel stacked crown ether molecules, omitting the channel character of the structure in 3. In situ generation of Br 3 Ϫ with Br 2 results in a bromination reaction of the DB18C6 ligand, the resulting product of which is able to encapsulate
Experimental Section
All chemicals were bought from Acros Organics and were used as such. Solvents were not dried before use, and the reactions were carried out in air and at room temperature. IR spectra were recorded on a Shimadzu FTIR-8400S (equipped with a golden gate ATR system), NMR spectra on a Bruker 250 MHz and a Bruker 600 MHz. Mass spectra turned out to be difficult to obtain due to decomposition of material. Similar problems occurred for elemental analysis, especially due to the high content of halide and polyhalide, which turned out to easily pollute both machines due to decomposition reactions. Synthesis of 4: 4,4Ј,5,5Ј-tetrabromodibenzo-18-crown-6-ether is prepared as follows: 1 g (2.77 mmol) of dibenzo-18-crown-6 is dissolved in 20 ml THF in a Teflon beaker. 0.215 g (3.85 mmol) of iron are added to this solution. An excess of 2 ml (38.919 mmol) of bromine is added. This mixture is stirred for 12 h. After evaporation of THF in air, the white solid is washed with water and filtered to yield 1.353 g (2.00 mmol, 72 %).
